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This paper aims at to present the integration of the ﬁles of the Brazilian Cervical Cancer
Information  System (SISCOLO) in order to identify all women in the system. SISCOLO has
the  exam as the unit of observation and the women are not uniquely identiﬁed. It has two
main  tables: histology and cytology, containing the histological and cytological examina-
tions  of women, respectively. In this study, data from June 2006 to December 2009 were
used.  Each table was linked with itself and with the other through record linkage methods.
The  integration identiﬁed 6236 women in the histology table and 1,678,993 in the cytologyRecord linkage
Public  health information systems
Database integration
Cervical  cancer
table.  5324 women from the histology table had records in the cytology table. The sensitivi-
ties  were above 90% and the speciﬁcities and precisions near 100%. This study showed that
it is possible to integrate SISCOLO to produce indicators for the evaluation of the cervical
cancer  screening programme taking the woman as the unit of observation.
to track all the exams performed by the same woman  in the1.  Introduction
The cervical cancer is considered a public health problem,
being the second most frequent cancer among women, with
approximately 500,000 new cases per year worldwide and
causing  the death of approximately 230,000 women  per
year.  Its incidence is about two times higher in developing
countries compared to the developed ones [1].
In  1998, the Brazilian Ministry of Health established a
national  program for the control of cervical cancer in Brazil
[2],  which aims at monitoring the overall quality of care
for  women  in all phases (prevention and early detection,
treatment and rehabilitation) as well as offering appropriate
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treatment of the disease and its precursor lesions in 100%
of  cases. To monitor these actions, the Ministry of Health
created the Cervical Cancer Information System (SISCOLO, in
Portuguese), which provides monthly ﬁles with information
related to the cytopathology and histopathology exams per-
formed  by the Brazilian Public Healthcare System. The system
has  the exam as the unit of observation, allowing for instance
the  construction of indicators for the production and the
adequacy  of the slices, but it is not possible, deterministically,
Open access under the Elsevier OA license.édicas, Universidade do Estado do Rio de Janeiro, Av. Prof Manuel
 +55 21 2868 8378.
r (S.M. Freire).
system.  The SISCOLO database has been used to assess the
actions  of the Brazilian screening program for cervical cancer
[3–6].
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Despite all the efforts of the Ministry of Health to expand
he actions of the program, mortality rates due to this cancer
ave not reduced [1].  Knowledge about the production of the
creening program available in the literature does not seem
ufﬁcient to explain this scenario, requiring a deeper analy-
is of the information. Such analyses should be focused on
omen who  access the program, unlike the previously per-
ormed analyses, based on the exams. This change in the
nit of analysis will allow the development of indicators for
overage, access and adherence to the program. Thus, in this
ontext, the challenge is to identify all exams performed on
ach woman  who accesses the program for the screening
f cervical cancer through the integration of the SISCOLO
atabase.
The process of combining information from a variety of
omputerized data ﬁles has been named record linkage, but it
s often also referred to as object identiﬁcation, entity reconcil-
ation, merge/purge, and data cleaning [7].  The ﬁrst practical
pplication of probabilistic record linkage by computational
eans was in medical research, with geneticist Newcombe
t al. [8] who  used records of vital data such as name, birthdate,
ddress and other available information to ﬁnd hereditary
iseases. Several researchers have developed mathematical
pproaches to formalize the concepts presented in this sem-
nal work [9–12]. In 1969, Fellegi and Sunter [13] presented
n approach based on a Bayesian decision model, which has
een used as a theoretical basis in much of the work in the
rea of probabilistic record linkage [7,14–16]. In their approach,
cores are associated to each pair of records based on weights
ttributed to the comparison of identifying variables such as
ame, parent’s name, birthdate, sex, and address. Weights are
sed to measure the contribution of each variable to the proba-
ility of making an accurate classiﬁcation and are constructed
rom concepts widely used among epidemiologists in assess-
ng the accuracy of diagnostic tests [13]. For each variable i,
et:
i = P(variable values agree|true pair) (1)
i = P(variable values agree|false pair) (2)
 − mi = P(variable values disagree|true pair) (3)
 − ui = P(variable values disagree|false pair) (4)
The weights are constructed from these probabilities: one
eight for the situation of agreement and another for the situ-
tion of disagreement. If the variable values agree, the weight
or agreement applies and is given by:
ai = log2
mi
ui
(5)
If the values disagree, the weigh for disagreement applies
nd is given by:
di = log
[
(1 − mi)
]
(6)2 (1 − ui)
Under certain independence assumptions [13], a score for
ach pair is constructed from the sum of the weights for eachb i o m e d i c i n e 1 0 8 ( 2 0 1 2 ) 90–101 91
variable used in the matching process. Since mi is usually
greater than ui, the agreement weight contributes positively
to the score, while the disagreement weight contributes neg-
atively. By ordering all pairs according to their scores and by
choosing appropriate cutoff points p1 and p2, with p2 greater
than p1, it is possible to split the score space into three regions:
(1) those pairs above p2, which are deﬁnitely classiﬁed as links;
(2) those pairs below p1, which are deﬁnitely not classiﬁed as
pairs; and (3) those pairs between p1 and p2, which form a grey
zone, requiring further investigation.
Work on information retrieval, federated database systems
and data mining have proposed alternatives to key com-
ponents of the standard algorithm [7,17], although ad hoc
approaches are still used [18,19].
It is a rapidly expanding ﬁeld with applications in
many areas of health and biomedical research. Coun-
tries like Canada, Australia, England, Scotland and New
Zealand have been developing successful experiences in
creating large health records by integrating multiple epi-
demiological and administrative databases that are used to
conduct epidemiological studies and evaluation of public
policies [20–24].
The majority of record linkage experiences deals with one
table linked to a reference one that has been deduplicated. The
SISCOLO database, however, has two main tables that have
not been subjected to any deduplication process. Cabral [25]
studied the application of the Fellegi–Sunter method to link
a sample of women in the SISCOLO database and obtained
good results in terms of women identiﬁcation (sensitivity –
95.8% and speciﬁcity – 99.7%). This article expands on that
work and applies the method of Fellegi–Sunter to the entire
SISCOLO database and describes all the details of the record
linkage process, from the setup of the database to the record
linkage steps to the quality evaluation of the whole process.
The next sections present the methodology to perform the
linkage, the criteria for assessing the quality of the linkage
process, and the results obtained, followed by the discussion
of these results and plans for further research.
2.  Materials  and  methods
2.1.  Overview
This study used the database of the National Cervical Can-
cer Information System – SISCOLO – for the State of Rio de
Janeiro, Brazil, from June 2006 to December 2009. Data for this
database is collected from standardized forms for two  ambu-
latory procedures requests: cervix pathological examination
and pap smear. These forms generate two main tables in the
SISCOLO database which contains respectively the results of
histological and cytological examinations of women. Those
tables, which will be called from now on histology and cytol-
ogy, were exported into two tables in a MySQL [26] schema.
The histology table has 7477 records and the cytology table
has 2,471,088 records.Both tables contain the women’s identiﬁcation data: name,
mother’s name, address, birthdate, women identiﬁcation
number, but there is no unique key that could link all
exams of a single woman together. The identifying data,
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Fig. 1 – Linkage process of histology table with itself. The
numbers indicate the sequence order of each phase.92  c o m p u t e r m e t h o d s a n d p r o g r a m
although not identifying the women unequivocally, allows the
application of record linkage techniques to link records in
both tables that belong to the same woman. The linkage
process was performed according to the traditional steps of
cleaning, standardization, matching and quality evaluation.
A bespoke software were developed in Java [27], using the
Netbeans Rich Client Platform [28] and open source libraries
for all these steps. The Winkler algorithm was implemented
in Java by translating its version presented in [29]. The dbf
ﬁles were read by means of the DANS DBF library, version
beta-07 [30].
2.2.  Data  cleansing,  standardization  and  parsing
Both histology and cytology tables were cleaned and standard-
ized, generating the standardHisto and standardCyto tables,
respectively. The birthdate was broken up into day, month and
year of birth. The woman’s name and mother’s name ﬁelds
were processed as follows:
• removal of all accentuation and strange characters such as
c¸, #, ‘,’, ∧;
• removal of expressions such as “doutor” (doctor), “enfer-
meira” (nurse), “mãe” (mother), “ignorado” (ignored),
“desconhecido” (unknown);
• removal of prepositions (“de”, “da”, “do”, “das”, “dos”);
• separation of the annexes of the name: “ﬁlha”, “ﬁlho”,
“neto”, “neta”, “netto”, “netta”, “junior”;
• breaking of the name into parts as follows: ﬁrst name, last
name, middle names initials (if any), the person’s second
name (if any). The ﬁrst name and last name were coded pho-
netically, adapting the Soundex algorithm, as implemented
in [31], with changes proposed for Portuguese by Coeli and
Camargo [32].
•  For the purpose of blocking only, the ﬁrst letter of the sec-
ond name was added to the end of the common ﬁrst names
“Maria”, “Ana”, “Adriana” and “Marcia” before phonetiza-
tion. Similarly, the ﬁrst letter of the second last name was
added to the beginning of the common surnames “Silva”,
“Souza”, “Santos” and “Oliveira” before phonetization. In
case the name has only two parts, no change was per-
formed. This was done to reduce the size of the blocks in
the blocking process. Otherwise, a number of blocks would
have so many  records that the processing time would take
much longer to complete.
2.3.  Linkage
In order to identify all records pertaining to each woman, it is
necessary to link all women in tables histology and cytology
(internal matching) and then link women in the histology table
with women in the cytology table (external matching). In each
case, the values of the identifying variables associated with
entities in each pair of records are compared to see if the pair
corresponds to the same entity.2.3.1. Internal  linkage  of  the  histology  table
The linkage of the histology table with itself was performed
according to Fig. 1.To ensure correspondence between the records generated
in the various tables, each table has two especial integer vari-
ables id and uid, id being the primary key in each table and
uid an integer identiﬁer for each woman, so that each woman
would receive a different uid and all records of the same
woman would have the same uid. The same record had the
same id values in all tables. In the ﬁrst step, the cleaning and
standardization of the histology table generated the standard-
Histo table. This table was ordered as follows: CNES number
(a healthcare provider identiﬁer), medical record number,
name and birthdate, generating the orderedHisto table. A
deterministic matching was then performed following the
criterion: all records with the same CNES number, medi-
cal record number, name, and birthdate belong to the same
woman.
In the orderedHisto table, each set of records which met
the equality criterion above were assigned the same value for
the variable uid, this value being the id of the ﬁrst record in
each set (Table 1), and the record corresponding to this id was
stored in the deterministicHisto table. In this table the value
of uid was initially set to zero.
The purpose of this deterministic linkage process was to
reduce the number of records submitted to the probabilistic
linkage one. The deterministicHisto table was then probabilis-
tically linked with itself without blocking, that is, each record
was compared with all the others, using the variables shown
in Table 2 with the corresponding values of mi, ui, and the
comparison algorithm. For date components, each variable
received the maximum weight (wai) if the two compared val-
ues were exactly equal. If the two values were present and
were different, the variable received the minimum weight
(wdi). If one value was not present (blank or null), the vari-
able received a weight of zero (strict equality). For the middle
initials, if the compared values were equal or both were not
present, the variable received the maximum weight (wai),
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Table 1 – Setting of uid values in orderedHisto table before and after the deterministic linkage. Only the variables
necessary to understand the process were  shown. id, uid, cnes and record number mean respectively record unique
identiﬁer, woman’s unique identiﬁer, health unit identiﬁer and woman’s medical record number.
Before After
id uid cnes Record number Name Birthdate id uid cnes Record number Name Birthdate
1 null 11 7777 ABC 19701212 1 1 11 7777 ABC 19701212
2 null 11 7777 ABC 19701212 2 1 11 7777 ABC 19701212
3 null 11 7777 ABC 19701212 3 1 11 7777 ABC 19701212
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r4 null 22 888 CDB 19801210 
5 null 22 888 CDB 19801210 
6 null 33 99 AAA 19831111
therwise the minimum weight (wdi-ﬂexible equality). For
he other variables, the weight was established in accor-
ance with the proposal of Winkler [33], according to
he formula in (7),  where wawi is the Winkler’s adjusted
eight for variable i, and  ˚ is the value of the Win-
ler’s string similarity algorithm [29] applied to the two
trings:
awi =
{
wai if  ˚ = 1
max [wai − {(wai − wdi)(1 − ˚)9/2}] if 0 ≤  ˚ < 1
(7)
This formula differs from the proposal of Winkler only in
he value of ˚. In the original proposal [33], the Jaro similarity
lgorithm was used instead.
Blocking was not used in this linkage process because
he number of registers in histology table is small and
he linkage processing time is consequently not very
emanding.
The results of the linkage process are stored in a result
able that contains for each pair of compared records, their
rimary keys and the comparison score. An inspection table
s generated from the result and deterministicHisto tables
nd arranged in the descending order of the scores. This
able was inspected by one of the authors who established
 cutoff point above which all pairs correspond to true
atches. The grey zone was not manually inspected. The
ollowing algorithm was used to establish the uid values,
here the notation a.i means the value of the variable i of
ecord a:
Table 2 – Comparison variables in the probabilistic linkage proc
indicates the reference from which the values of mi and ui were
the same mi and ui values of the middle initials were used.
Variable mi
Woman’s ﬁrst name [25] 0.92 
Woman’s second name 0.83 
Woman’s last name [25] 0.93 
Woman’s middle initials [25] 0.83 
Mother’s ﬁrst name [25] 0.89 
Mother’s second name 0.81 
Mother’s last name [25] 0.91 
Mother’s middle initials [25] 0.81  
Year of birth [25] 0.92  
Month of birth [34] 0.94 
Day of birth [34] 0.91  4 22 888 CDB 19801210
 4 22 888 CDB 19801210
6 33 99 AAA 19831111
FOR all pairs of records (a, b) in the inspection table above
the cutoff level
SET uidmax = Maximum of a.uid and b.uid
SET uidmin = Minimum of a.uid and b.uid
IF a.uid = 0 and b.uid = 0
a.uid = a.id
b.uid = a.id
END IF
IF a.uid = 0 and b.uid /= 0
a.uid = b.uid
END IF
IF a.uid /= 0 and b.uid = 0
b.uid = a.uid
END IF
IF a.uid /= 0 and b.uid /= 0
FOR all record c in deterministicHisto table
IF c.uid = uidmax
c.uid = uidmin
IEND IF
END FOR
END IF
END FOR
Notice that, in this case, links were set transitively, that
is, if record A is linked to B and B is linked to C then A is
also linked to C. This algorithm is a naive evaluation of the
transitive closure of a relation [35]. After this phase, each
record in the standardHisto table received the uid of the cor-
responding record (same id) in the deterministicHisto table.
Finally, each record in the histology table received the same
uid of the corresponding record (same id) in the standardHisto
table.
ess and their parameters. The number in brackets
 derived. For the second name of the woman and mother,
ui Type of comparison
0.02 Weighted string comparison
0.05 Weighted string comparison
0.04 Weighted string comparison
0.05 Flexible equality
0.06 Weighted string comparison
0.04 Weighted string comparison
0.03 Weighted string comparison
0.04 Flexible equality
0.02 Strict equality
0.23 Strict equality
0.01 Strict equality
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Table
deterministicCyto_2 
Table 
deterministicCyto_1
Table 
pairsCC 
10 – Links Setting
7 
Fig. 2 – Linkage process of cytology table with itself. The numbers indicate the sequence order of each phase.2.3.2.  Internal  linkage  of  the  cytology  table
The steps were similar to the internal linkage of the histology
table (Fig. 2). Firstly a deterministicCyto table was generated
with the same criterion used for the deterministicHisto table.
The deterministicCyto table was split into two: determinis-
ticCyto 1 contained the records of deterministicCyto where
the mother’s name variable was not empty (2,263,002 records),
and deterministicCyto 2 with the records of deterministic-
Cyto with empty mother’s name (96,183 records). Each of
these two tables was linked internally and then they were
linked to each other. Ultimately, the results were consoli-
dated in the deterministicCyto table. Each of these linkage
processes is explained below. The same comparison func-
tions as the ones from the internal histology linkage were
used.2.3.2.1. Linkage  of  deterministicCyto  1  (named  mothers).  This
linkage was performed in 4 steps, with the following block-
ing variables in each step: 1 – soundex of woman’s ﬁrst name,
soundex of mother’s ﬁrst name and age-group; 2 – soundex ofwoman’s last name, soundex of mother’s ﬁrst name and age-
group; 3 – soundex of woman’s ﬁrst name, soundex of mother’s
last name and age-group; 4 – soundex of woman’s last name,
soundex of mother’s last name and age-group. The compari-
son variables were the same as those in the internal linkage
of the deterministicHisto table. After each step, an inspec-
tion table was generated and one of the authors set the cutoff
point, and then the uid values of the deterministicCyto table
were updated according to the same algorithm used in the
deterministicHisto table.
2.3.2.2.  Internal  linkage  of  deterministicCyto  2  (unnamed  moth-
ers).  This linkage was performed in 4 steps, with the following
blocking variables in each step: 1 – soundex of woman’s ﬁrst
name and age-group; 2 – soundex of woman’s last name and
age-group; 3 – birth day; 4 – month of birth and year of birth.
The comparison variables were: woman’s ﬁrst name, woman’s
ﬁrst middle name, woman’s last name, woman’s middle name
initials, year of birth, month of birth, and day of birth. A
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imilar strategy as the one in the linkage of deterministicCito 1
as used.
.3.2.3.  Linkage  of  deterministicCyto  1  with  deterministic-
yto 2.  This linkage was performed in 3 steps, with the
ollowing blocking variables in each step: 1 – soundex of
oman’s ﬁrst name and day of birth; 2 – soundex of woman’s
ast name and day of birth; 3 –month of birth and year of birth.
he comparison variables were the same as those used in the
inkage of deterministicCyto 2 (unnamed mothers). After each
tep, an inspection table was generated and after one of the
uthors set the cutoff point, the linked pairs were annexed to
he table of linked pairs found in the previous step (pairsCC
able in Fig. 2). At the end of step 3, the uid values of the
wo deterministicCyto tables were updated according to the
lgorithm presented in Section 2.3.1.
Finally the standardCyto table and then the cytology table
ot new uid values with the same algorithm used to establish
he ﬁnal uid values in both standardHisto and histology tables.
All cases of women who had more  than eight exams (a
ingle uid associated to more  than eight records) were manu-
lly inspected in order to ascertain whether the exams really
elong to the same woman. In case of misclassiﬁcation, they
ere manually corrected. The number of inspected records
as 2944.
.3.3.  Linkage  of  the  histology  and  the  cytology  tables
he linkage of histology with cytology was performed in two
hases by linking the deterministicHisto table with both the
eterministicCyto 1 and deterministicCyto 2 tables (Fig. 3).
he former case was performed in ﬁve steps, with the fol-
owing blocking variables: 1 – soundex of woman’s ﬁrst name
nd soundex of mother’s ﬁrst name; 2 – soundex of woman’s
ast name and soundex of mother’s ﬁrst name; 3 – soundex
f woman’s ﬁrst name and soundex of mother’s last name;
 – soundex of woman’s last name and soundex of mother’s
ast name; 5 – month of birth and day of birth. The compari-
on variables were the same as those in the internal linkage
f histology table. The latter case was performed in ﬁve steps
ith the following blocking variables: 1 – soundex of woman’s
rst name; 2 – soundex of woman’s last name; 3 – year of
irth; 4 – month of birth; 5 – day of birth. The comparison
ariables were the same as the ones used in the linkage of
eterministicCyto 2.
After each step, an inspection table was generated and after
ne of the authors set the cutoff point, the new linked pairs
ere added to the linked pairs obtained in the previous step,
orming a table with the ids of the linked records (tables pair-
HC1 and pairsHC2 in Fig. 3). At the end of the two linkage
rocesses, the two resulting tables were merged into a single
able, pairsHC. After that, each id in this table was replaced by
he corresponding uid, with removal of duplicates. Two new
ases of transitivity may occur at this time: the same woman
n histology may be associated with different women in cytol-
gy and the same woman in cytology may be associated to
ifferent women in histology. For instance, consider the two
ypothetical registers in pairsHC (1, 3) and (1, 5), meaning that
he woman in histology identiﬁed by uid 1 is associated to
wo women in cytology, identiﬁed by uid 3 and 5, respectively.
hen it becomes necessary to also link woman 3 with womanb i o m e d i c i n e 1 0 8 ( 2 0 1 2 ) 90–101 95
5 in cytology. A similar situation may occur in the opposite
direction.
Let H and C be the histology and cytology tables, respec-
tively and let:
R = {(h, c)|h = a.uid, a ∈ H and c = b.uid, b ∈ C} (8)
be the relation pairsHC, and L the map  from each h to the set
of elements associated to h through R:
L : h|(h, c) ∈ R → subsets of N
h → {c|(h, c) ∈ R} (9)
The following algorithm was used to establish the links, on
the side of table deterministicCyto:
Step I:
REPEAT
FOR all sets S in the image  of the map  L
FOR all sets T in the image  of the map  L
IF T /= S and S ∩ T /= ∅  (for any two non-disjoint set
S = S ∪ T
T = ∅
END IF
END FOR
END FOR
SET repeat again = false
FOR all sets S, T in the image  of the map  L
IF (S ∩ T /= ∅)  and (S /= T)
SET repeat again = true
END IF
END FOR
UNTIL repeat again = false
Step II:
FOR all S = L(h)
If size of S > 1
SET uidmin = Min(S)
FOR all record c in the cytology table
IF c.uid in S
c.uid = uidmin
END IF
END FOR
END IF
END FOR
From the resulting map  in Step I, an inspection table was
generated containing the pair of records of all sets with more
than one uid. In Step II, for each set that was ﬂagged as
matches, all uids in the set received the same uid corre-
sponding to the minimum of them. Similar procedure was
performed on the histology side.
The uids in table pairsHC were updated, and this algorithm
was repeated until no more  new links were found.
2.4.  Linkage  evaluation
Each linkage process described in Section 2.3 was evaluated
separately. For the internal linkage of the histology table, a
random sample of 1500 records (20% of the total records)
was taken and manually inspected to obtain the sensitiv-
ity (proportion of detected links among the actual links) and
speciﬁcity (proportion of detected links among the false links).
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5 – Links Setting
3 – Merging
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Table 
deterministicCyto 
Fig. 3 – Linkage process of histology table with cytology. The numbers indicate the sequence order of each phase. After
phase 5, the links are propagated from the deterministicHisto and deterministicCyto tables to the histology and cytology
tables respectively (not shown in the ﬁgure).
In order to evaluate the interrater agreement, 5000 thou-
sand pairs of records from the cytology table that had the same
health care unit identiﬁcation number and same personal
medical number was retrieved and blindly and independently
Table 3 – Sample size for the evaluation table for each
frequency value of examinations in the cytology table.
Frequency of exams Sample size
2 3000
3 2000
4 1500In another evaluation, a table with all pairs of records that had
the same healthcare provider identiﬁcation number and same
personal medical number was built. These pairs of records
could potentially be actual links. This table (1219 pairs of
records) was inspected and each pair was classiﬁed as a link or
non-link by one of the authors and compared with the results
produced by the linkage process.
For the internal linkage of the cytology table, a table with all
pairs of records that had the same healthcare provider identiﬁ-
cation number and same personal medical number was built.
This table (121,824 records) was split evenly into three sec-
tions and each section was scanned from the beginning until
around a thousand actual links were found. Along this scan,
the other inspected pairs were marked as non-links. The three
scans resulted in 3022 actual links and 14,255 non links. There-
after, these results were compared with those obtained by the
linkage process. In all the previous cases, the determination
of the link status was done without knowledge of the linkage
result. The 95% conﬁdence intervals for all measures of sensi-
tivity and speciﬁcity were obtained with OpenEpi version 2.3.1
[36].
Another evaluation of the same process was performed
in order to obtain a proxy measure for the precision (num-
ber of true links/number of links detected). From the detected
links, a random sample of women who underwent 2, 3, 4,
5, and 6 exams was inspected to see if the detected links
were true links or not. The sample sizes are presented in
Table 3. Thus, for instance, for all women who underwenttwo  exams, 3000 women were randomly selected and their
two records were inspected. For exam frequencies of 7 and
8 all records of all women who fell in those cases were
inspected.
For the external linkage of the histology table with the
cytology table, a table with all pairs of records, one from the
histology table and the other from the cytology table that had
the same health care unit identiﬁcation number and same per-
sonal medical number was built. This table, with 7361 records,
was inspected and the true links and false links were marked,
again without knowledge of the linkage result, and compared
with those obtained by the linkage process.5 1200
6 1000
7 679
8 217
c o m p u t e r m e t h o d s a n d p r o g r a m s i n 
Table 4 – Relationship between frequency of exams and
number of women in histology and cytology tables.
Frequency of exams Number of women
Histology Citology
1 5277 1,134,885
2 781 363,193
3 138 132,408
4 22 36,468
5 9 8481
6 2 2448
7 1 679
8 3 217
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The linkage process was performed on a computer with an>8 6 214
Total 6236 1,678,993
Mean number of exams/woman 1.20 1.47
lassiﬁed by two of the authors. The kappa coefﬁcient and the
5% conﬁdence interval were calculated as shown in Fleiss [pp.
21].
.  Results
.1.  Internal  linkage  of  the  histology  table
he deterministic linkage resulted in a table with 6890 records
s compared to the original 7455 records. The probabilistic
inkage produced the results in Table 4.
In the ﬁrst evaluation, 57 true links were found, 52 of them
dentiﬁed by the linkage process, resulting thus in a sensitivity
f 91.2% (81.05, 96.19). Since there were no false links, then
he speciﬁcity was 100% (99.73, 100) (Table 5 – Histology I). In
he other evaluation, of 1210 true pairs, only 18 were missing
nd there were no false negatives, resulting in a sensitivity of
8.51% (97.66, 99.06) and speciﬁcity of 100% (70.08, 100) (Table 5
 Histology II).
.2.  Internal  linkage  of  the  cytology  table
he cytology table has 2,471,088 records. The determinis-
ic record linkage produced the deterministicCyto table with
,359,185 records. The results are presented in Table 4.
The quality evaluation resulted in a sensitivity of 91.99%
90.97, 92.91) and a speciﬁcity of 99.80% (99.75, 99.89) (Table 5).
he results for obtaining a precision-related measurement are
resented in Table 6.
Table 5 – Sensitivity and speciﬁcity of the internal linkage proc
linkage of histology and cytology tables. T+ and T− represent li
linkage process.
Histology I Histology II
Link Not link Link No
T+ 52 0 1192 
T− 5 1394 18 
Total 57 1394 1210 
Sensitivity 95% CIs 91.20
(81.05, 96.19)
98.51
(97.66, 99.06)
Speciﬁcity 95% CIs 100.00
(99.73, 100)
100.00
(70.08, 100)b i o m e d i c i n e 1 0 8 ( 2 0 1 2 ) 90–101 97
The sum of the numbers of women found for each
exam frequency corresponds to the number of linked women
(a = 543,894). An estimate of the total number of women can
be obtained according to the following procedure: in each line
ﬁnd the proportion of women observed per women detected
(column 3/column 2) in the sample and multiply it by the
number of women for each frequency of exams (column 5),
obtaining the result shown in column 6, and then sum up all
the product values. This results in an estimated number of
women, b, equal to 549,610. Then the precision is a/b or 98.96%.
A rough estimate for the 95% conﬁdence interval for this mea-
sure can be obtained as follows. For each line in Table 6, ﬁnd
the conﬁdence interval for the proportion obtained by divid-
ing column 2 by column 3. Then use the limits of this interval
to calculate the inferior and superior limits for the estimated
number of women. Then divide a by the sum of all the esti-
mates for the inferior and superior limits, respectively, to
obtain the limits for the conﬁdence interval for the precision.
The estimated 95% conﬁdence interval is (98.52, 99.25).
3.3.  External  linkage  of  the  histology  table  with  the
cytology  table
The probabilistic linkage of histology to cytology tables gener-
ated a total of 14,120 pairs of records where the ﬁrst element
belongs to the histology table and the second element belongs
to the cytology table. After the inspection, the settings of new
links resulted in 19 new links on the histology side, 139 new
links on the cytology side, and 5324 women in histology were
associated to the corresponding women in cytology. The qual-
ity evaluation resulted in a sensitivity of 94.86% (94.30, 95.37)
and a speciﬁcity of 99.50% (98.66, 99.80) (Table 5).
3.4.  Interrater  agreement
Table 7 shows the interrater agreement by means of the kappa
coefﬁcient which is 0.988 with a 95% conﬁdence interval of
(0.982, 0.993).
3.5.  Linkage  processing  timeIntel Quad Core (2.40 GHz, 2 × 4 MB L2 Cache, 1066 MHZ) pro-
cessor running Ubuntu Linux and accessing the databases
in an Intel Xeon 3.2 Ghz, 3,5 GB RAM HP ML  server running
ess of histology and cytology tables and the external
nkage pairs and not linkage pairs as established by the
 Cytology Histology-cytology
t link Link Not link Link Not link
0 2780 24 6260 4
9 242 14,231 339 760
9 3022 14,255 6599 764
91.99
(90.97, 92.91)
94.86
(94.30, 95.37)
99.80
(99.75, 99.89)
99.50
(98.66, 99.80)
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Table 6 – Precision evaluation of the internal linkage process of the cytology table.
Frequency of exams Sample size Real number of
women in
sample
Error (%) Number of
women  in
cytology
Estimated
number of women
in cytology
2 3000 3006 0.2 363,193 363,919
3 2000 2030 1.5 132,408 134,394
4 1500 1560 4.0 36,468 37,927
5 1200 1291 7.58 8481 9124
6 1000 1178 17.8 2448 2881
7 679 942 38.73 679 942
8 217 420 93.55 217 420
Total 543,894 549,610
Precision (%) 95% CI 98.96Linux Red Hat operational system. The linkage processing
time varies, according to the size of the linked tables and
the blocking strategy, from a minimum of 290 s for the link-
age of standardHisto with standardCyto 1 (named mothers,
blocking strategy 3) tables to a maximum of 7 h 43 min  for the
internal linkage of standardCyto 1 table (blocking strategy 4).
The other blocking strategies for the internal linkage of stan-
dardCyto 1 took less than 2 h and 12 min. The internal linkage
of standardHisto table took 29 min  7 s.
4. Discussion  and  future  work
The linkage process presented in this paper was intended to
have high sensitivity, speciﬁcity and precision. The process-
ing time, although important, was not a critical factor in the
linkage process.
As expected, the internal linkage of the cytology table was
by far the most time consuming, not only on account of the
size of the table, but also by the blocking strategies used. Jaro
[38] recommends, for efﬁcient reasons, the use of blocking
strategies that result in blocks of similar sizes and with few
records in each block. This recommendation was not followed
in this study. In one strategy, for instance, the size of the blocks
ranged from 1 to 5000 records. Strategies that kept the process-
ing time within acceptable values were used, regardless of the
distribution of the block sizes, and the linkage process were
performed in multiple steps. Considering the results obtained
in terms of the quality indicators, this strategy was adequate.
Possibly other strategies that do follow Jaro’s recommenda-
tions might produce similar results and be more  effective in
terms of processing time.
The efﬁciency of the linkage process, in terms of sensi-
tivity (above 90%), speciﬁcity and precision (near 100%) was
Table 7 – Interrater agreement between two observers.
Rater B
Link Non-link
Rater A
Link 3985 12
Non-link 8 993
kappa 95% CI 0.988
(0.982, 0.993)(98.52, 99.25)
adequate for the intended usage of the linked database. The
construction of the gold standard for evaluation of these
parameters was based on units that recorded the person’s
medical record number. Although a random sample of pairs
would be the best approach, it would require an enormous
amount of pairs in order to obtain a reasonable number of
linked pairs. Therefore a scheme was chosen that would more
likely generate linked pairs and at the same time would be
based on a criterion not used to perform the linkage com-
parisons. There is no reason to assume that these units have
a better quality of recording than others. The proportions of
records in the histology and cytology tables that recorded the
unit code and the record number were respectively 88.86%
and 74.34% and no pattern that makes those records a biased
sample of the original tables could be identiﬁed. In the
golden standard for the external linkage histology-cytology,
177 pairs not found by the linkage process correspond to
women who were registered in the cytology table without
the mother’s name and the woman’s name was replaced by
the mother’s name, which indicates quality problems in the
register process of these health care providers. These pairs
could not get a high score in the linkage process. Besides,
using another criterion, not shown in the results section, for
selecting the pairs of records to be compared for the histology
table (those pairs with the same main address component)
led to similar values for the sensitivity and speciﬁcity and
with a much narrower conﬁdence interval for the speciﬁcity
(99.96, 100).
The interrater agreement, as expected, was very high, since
it is only in a very small proportion of cases that the human
observer is in doubt about the correct classiﬁcation of each
pair of records, once the observers are trained to perform this
task.
Different strategies for the quality evaluation may lead to
different values for sensitivity and speciﬁcity, as shown by the
results obtained for the internal linkage of the histology table.
Usually the measures of sensitivity, speciﬁcity, recall and pre-
cision are explained in the literature by analysing the pairs of
records as used in all three linkage processes above [39].  How-
ever they could be also obtained by analysing sets of linked
and non-linked records as used for the ﬁrst strategy of eval-
uation of histology linkage and for a surrogate measure of
precision for the cytology linkage. These later measures tend
to be more  conservative, since a single set of linked records can
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ead to several linked pairs, therefore inﬂating the sensitivity
nd precision values.
The transitivity closure evaluation adopted throughout the
inkage process was essential to obtain the exams related to
he same woman. The errors found were due to false posi-
ive pairs that led, on account of transitivity, to consider from
he same woman records belonging to different women. This
as more  evident in cytology, where women who had above
ight exams in the period, had the highest error rates. Being
 small number, it was feasible to be inspected and corrected
y a human observer. Still, these errors are insigniﬁcant in
he overall context of the linkage process. However, more  efﬁ-
ient algorithms should be used in larger databases [40] or
ven alternative approaches [41].
Several other strategies may be pursued in this linkage
rocess in order to improve its quality. Greater power to dis-
riminate between true and false links may be obtained by
asing the score on the frequency of occurrence of the name,
hen comparing parts of name [23,42],  although the literature
s ambiguous about the efﬁcacy of frequency-based evaluation
43,44].
In this study, the RecLink software approach for segment-
ng the name into its parts (ﬁrst name, middle initials, last
ame, and name appendix) was initially used [45]. However,
fter a ﬁrst run of the linkage process, the ﬁrst middle name
or those names with more  than one part between the ﬁrst
nd last name was also added. Due to the nature of Brazilian
ames, further improvement may be obtained by segmenting
he whole name into its parts as proposed by Churches et al.
46] and implemented in the software Febrl [47], by means of
idden Markov Models.
The changes in the ﬁrst and last name for the purpose of
locking were an ad hoc procedure in order to reduce the size
f the blocks for very common ﬁrst and last names. It does not
ake into account the situation when the letter to be added is
 vowel. In such cases, the addition of the vowel is irrelevant
ecause vowels are not considered in the soundex algorithm.
his was corrected for future linkage processes, but anyway
his strategy helped to reduce signiﬁcantly the linkage pro-
essing time which took hours to complete, but would take
uch longer otherwise. For larger databases, this strategy may
e applied to all the names, not only to a restricted set and
nclude more  consonant letters.
Due to the unavailability of a free solution to the parsing
f Brazilian address and the low quality of its imputation in
he SISCOLO database, the address was not used as a com-
arison variable. However adapting the address segmentation
roposal in Febrl [46] to the Brazilian scenario may improve
he linkage quality.
Other alternatives such as the use of other algorithms for
omparing strings, other ways of adjusting the string sim-
larity measures [33] and phonetic systems adapted to the
ortuguese language, may also be experimented.
The weights for the comparison variables were based on
revious work with this database [25] and in the literature on
razilian record linkage [34]. Although they helped to sepa-
ate matches from non-matches, better weight estimates may
e obtained through EM estimates [48]. The date comparisons
ere not based on difference algorithms, but instead relied
n strict equality. It is our contention that the main errorsb i o m e d i c i n e 1 0 8 ( 2 0 1 2 ) 90–101 99
in dates are due to wrong typing which are not dealt with
by using difference algorithms. More experiments will also
need to be made in order to show that this is indeed the
truth.
As is common in many  experiments of record linkage, the
main processing times are due to the human intervention
stages: data cleaning, and results table inspections [23]. The
computerized phases did not hamper this linkage work, but
the processing time will rise if larger databases are used or
if this work is extended to the Brazilian national SISCOLO
database for example. Parallel solutions seem to be the way
out of this dilemma [47,49].
The reason why the deterministicCyto table was splitted
into two was that, initially, it was decided, due to time con-
straints, to work with only the registers that provided the
name of the mothers. After the linkage process of the larger
of the two resultant tables was ﬁnished, the decision was
reviewed and it was decided to include the other registers as
well. Similar results would be achieved, and more  effectively, if
the whole table were used from the beginning instead of split-
ting it. In this case the linkage could be done according to the
same strategy used in the deterministicCyto 1 table applied
twice: the ﬁrst time as it was done with the deterministic-
Cyto 1 and in the second time by not using the parts of the
name of the mothers as comparison variables.
It is not the purpose of the paper to discuss the available
softwares for record linkage. None of the free solutions that
were analysed provided all the functionalities needed and they
were not easily extendable. Every linkage process is unique in
the sense that several decisions such as the blocking strategy,
the comparison variables and their parameters, the measures
of similarities, the type of database, may vary from case to
case. In order to make our code available it is still necessary to
provide a good documentation for the target audience, inte-
grate the routines, and substantially improve the code design
so that it may be applied in other scenarios. However sufﬁcient
details were provided so that all the procedures described
here could be implemented in a chosen programming
language.
This study showed that despite the shortcomings of the
SISCOLO model and problems with the quality of its data,
techniques for record linkage can be used in this system and
generate data that can be used to assess the effectiveness and
coverage of the program and in this way contribute to a more
efﬁcient use of this system in the planning of health actions
related to the screening of cervical cancer.
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